In this paper we report on kinetics studies of the growth rates of a hydride phase during the metal-hydride phase transformation of Mg films doped with transition metals (=Ti, Fe). Infrared emission imaging of wedge-shaped thin films during hydrogen loading reveals different effects of Ti and Fe additives on Mg hydride growth rates. Compared to hydrogenation of pure Mg, Ti addition (atomic fraction 1.6 % and 2.3 %) does not increase the Mg hydride growth rate. However, this doping results in the formation of a thicker hydride layer residing on top of the films. The hydrogenation rate is increased by an order of magnitude for addition of atomic fraction 3.1 % of Fe and the thickness of Mg hydride layer is more than twice that of the hydride layer during hydrogenation of pure Mg. Results obtained here can be used to guide powder design for hydrogen storage applications.
INTRODUCTION
Development of hydrogen storage materials with fast absorption/desorption cycling is essential for advancing a zero emission hydrogen fuel-based economy, especially for the transportation sector [1, 2, 3] .One of the main challenges faced by the development of hydrogen storage materials is the capability of storing hydrogen safely and efficiently. Magnesium hydride, MgH 2 , has attracted extensive attention because it is inexpensive, satisfies most safety requirements, has high gravimetric hydrogen capacity (mass fraction 7.6 %), high volumetric density, and good cyclability [4] . However, it suffers from high hydrogen desorption temperature (~552 K) and slow kinetics for on-board hydrogen storage applications under ambient conditions [5] .
The influence of transition metals Ti, V, Mn, Fe, Ni, Cu, Zn, Zr etc. on the hydrogenation properties of Mg has been studied extensively [6, 7, 8, 9, 10, 11, 12] . Milanese et al. reported that among nine metals (Al, Cu, Fe, Mn, Mo, Sn, Ti, Zn and Zr), Cu, Al and Zn actively participated in Mg hydrogenation/dehydrogenation, while Cu was the most effective additive for destabilizing MgH 2 [8] . However, after studying the effects of Ti, Mn, Fe and Ni additives on MgH 2 on its thermal stability and decomposition temperature, Ershova et al. concluded that Ti had the largest influence on destabilizing the MgH 2 phase [12] . Fe was not identified to be a promising additive in either study, but theoretical calculations based on first principles performed by Larsson et al indicate that Fe can be a good catalyst for both hydrogen absorption and desorption [13] . In spite of the large effort made in the past decade to study the effects of transition metal additives on hydrogen storage, many questions remain unanswered, and experimental results are conflicting. In this paper we present experimental results for the measured kinetics of metal hydrides growth for Mg films doped with transition metal additives.
EXPERIMENTAL DETAILS
Pure Mg, Mg 98.4 Ti 1.6 , Mg 97.7 Ti 2.3 and Mg 96.9 Fe 3.1 thin films were vacuum co-deposited from two targets at room temperature on 1 cm-long (0001) Al 2 O 3 single crystal substrates using electron beam deposition techniques. All targets have purity higher than 99.9 %. A shadow mask connected to a stepping motor was used during the deposition to generate a thickness gradient from 0 nm to approximately 500 nm for the Mg(Ti) films and 0 nm to 350 nm gradient for the Mg and Mg(Fe) films. All films were capped by a 5 nm-thick Pd layer deposited in the same chamber without breaking vacuum. The Pd capping layer was employed to prevent oxidization and facilitate fast dissociation of hydrogen molecules [14] . Film compositions were verified by energy dispersive spectroscopy (EDS) from three positions and an average value was taken to minimize intrinsic EDS system errors.
The heterogeneous growth process of MgH 2 hydride phase in all thin films was monitored by a high-resolution IR camera (256x256 element InSb array; see details on the IR camera in ref. [15] ) in a pressurized stainless-steel chamber. Normalized IR emission images were collected every 6 s (for Mg(Fe)) or 10 s (for Mg and Mg(Ti)). Before hydrogen gas was introduced into the reaction chamber, the samples were equilibrated for 2 h under dynamic vacuum at 373 K in order to stabilize the temperature. Mg(Ti) films were hydrogenated at 373 K and 0.3 MPa hydrogen gas pressure for 1 h. Mg(Fe) films were hydrogenated at 373 K and 0.1 MPa hydrogen gas pressure for 1 h. After 1 h hydrogenation, the samples were cooled to room temperature under hydrogen environment.
The hydrogenated thin film cross-sectional transmission electron microscopy (TEM) samples were prepared by a water-free polishing, dimpling procedure followed by ion milling with a cold stage to prevent hydrogen desorption from the thin films.
RESULTS AND DISCUSSION
Representative IR images at different times of hydrogenation for a pure Mg film are shown in Fig. 1 (a)-(c) . Before hydrogenation started the IR image shows that the area covered by the film is dark. During hydrogenation, the thinnest part of the film changes from dark to bright and the bright area progresses toward the thicker part of the film (as shown in the frame captured at 30 s and 800 s) with a boundary between dark and bright regions label as "F" (Fig. 1(b) and (c) ). Figure 1(d) is a plot of the approximate hydride growth as a function of time determined from the position of F on the recorded IR images (see ref [15] for details). The IR emission intensity increases rapidly in the first 120 s from right to the left, which indicates the fast growth of hydride layer from the top of the film towards the substrate with a thickness of ~110 nm and 1.6 nm/s average growth rate. The growth rate drops dramatically from 1.6 nm/s to 0.03 nm/s afterwards. For Mg films doped with Ti of atomic fraction 1.6 and 2.3 %, hydrogenation was carried out at 373 K and 0.3 MPa hydrogen gas pressure. MgH 2 grows also from the top surface towards the substrate with a growth rate of 1.3 nm/s and 2.3 nm/s respectively ( Fig. 2 and 3) , which are comparable to the pure Mg sample. The hydride layer grew thicker for the Ti doped sample as compared to Mg and the thickness increases with the Ti concentration. The measurements suggest that the films were only partially transformed (top 150 nm of the 500 nm film total thickness), which was later confirmed by TEM measurements.
For Mg films doped with Fe ( atomic fraction 3.1 %), hydrogenation was carried out at 373 K and 0.1 MPa hydrogen gas pressure. The reason for the lower gas pressure is to slow down the reaction, which was too fast under 0.3 MPa for the camera to record it. Even for hydrogenation under 0.1 MPa hydrogen gas pressure, MgH 2 grew extremely fast. It only took 6 seconds to move the boundary labeled as "F" more than halfway towards the thickest end (Fig. 4 (a) and (b)). After 12 seconds, the reaction was complete and the emission images remained unchanged (Fig. 4 (c) and (d) ). The average MgH 2 growth rate was estimated to be about 25 nm/s (Fig.4 (e) ), which is an order of magnitude larger than for the Mg and Mg(Ti) samples. In addition, the hydride layer thickness was found to be about 300 nm, which is close to film's total thickness. From this result, we conclude that the transformation to the hydride phase for the Fe-doped Mg samples was complete, which was also supported by TEM observations. These kinetics studies of Mg, Mg(Ti) and Mg(Fe) thickness gradient films allow us to conclude that Ti does not help in improving kinetics of MgH 2 formation, while Fe doping can dramatically increase the hydride reaction rate. These results indicate that to attain the fast and complete hydrogenation of Mg and Mg(Ti) powders [16, 17] , the powder particle size should be less than 220 nm and 300 nm respectively, with an expected hydrogenation time of about 120 s, while for Mg(Fe) powders, the powder particle size can at least be 600 nm with a reaction time within 12 s. More work is needed to understand the mechanism of the observed catalytic effects of the studied transition metals.
